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Abstract: This research introduces an extended processing method for increasing the possi-
bility of valorizing processed IBA (pr.IBA), which is currently only used as a construction
material in landfill sites, considering its immense potential in valuable metal and mineral
concentrations. Following a selective milling process, an extended material recovery se-
quence involving a magnetic, eddy current, and density separation sequence is developed.
Based on the observations and outcomes explored in the present study, a substantially
reliable and practical industrial approach is designed and tested to generate a cleaner
mineral fraction and complementarily collect valuable metals from pr.IBA. Specifically,
four enhanced valuable product streams can be anticipated, output mineral, high-magnetic,
low-magnetic, and non-ferrous, which can be further utilized as alternative materials
for cement clinker and concrete production coupled with iron, copper, and aluminum
recovery in a conventional recycling operation. Therefore, in addition to introducing an
additional perspective and moving one step closer to closing the waste management loop,
this proposed method offers the opportunity to save primary materials and reduce carbon
emissions by providing valuable alternative secondary resources.

Keywords: MSW incineration; bottom ash; magnetic; eddy current; separation; recycling

1. Introduction

Waste-to-energy (WtE) plants have long been recognized as one of the reliable alterna-
tives for waste management and promoting a circular economy through the valorization of
municipal solid waste (MSW) [1-3]. However, the complete elimination of MSW through
incineration is rarely achieved, as it depends on the composition of the input material. One
of the primary residues is incinerator bottom ash (IBA), which constitutes ca. 25% of the
total input MSW and is considered a low-value material as it is only utilized limitedly in
landfill construction. Considering the case in Germany, according to a survey conducted in
2021 by the German Association of WtE Plants (ITAD) and the Association of IBA Process-
ing Plants (IGAM) [4], approximately six million tons of IBA is generated annually. Despite
this substantial volume, progress toward the utilization of IBA remains underdeveloped.
The same report indicates that about 10% of the total IBA is processed in metal recycling,
while less than 20% is reused in construction sectors.
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This limited utilization is concerning because IBA contains valuable materials and thus
can be considered an alternative substitute for natural resources. In this context, approxi-
mately 85% of its composition comprises essential minerals in addition to metal fractions,
including critical and precious metals in high demand. Furthermore, this underutilization
of IBA is particularly concerning because of the growing tendency of MSW production
in Germany [5]. Further development is even more demanding, driven by the increasing
pressure on landfill capacity, the environmental risks associated with long-term waste
disposal, and the growing awareness of sustainable resource management. Consequently,
repurposing IBA has gained significant attention in recent years; thus, developing feasible
and scalable processes to valorize it has become an urgent priority.

Despite its potential as an alternative secondary material, the challenge in utilizing IBA
lies in efficiently separating metallic and mineral components to maximize the recovery of
valuable materials while minimizing impurities. Various methods have been explored for
this purpose, including mechanical processing and physical separation techniques. Among
these, a sequence of magnetic, eddy current, and density-based separations has become a
standard industrial practice in Germany and Europe for isolating metal-rich constituents
from mineral fractions [6,7]. Despite all these efforts and depending on official regulations,
this mineral fraction, also known as processed IBA (pr.IBA), still has limited utilization in
expected applications in the construction sector.

As is also the case in the boundary of German regulation, the primary identified
challenge in utilizing pr.IBA in construction sectors remains associated with chemical
barriers, as once reported by Verbinnen et al. [8]. This challenge involves the presence of
undesired metals like aluminum, the leaching of heavy metals such as copper, and the
presence of salts containing chloride. Nonetheless, based on several comprehensive reviews
regarding the treatment process of IBA [9-11], introducing an extended operation to pr.IBA
involving further comminution (increasing the degree of liberation) followed by additional
separation (refining the yielded product) to separate the metal-bearing fraction from the
mineral fraction has been relatively overlooked. In this context, only one report is accessible
from van de Wouw et al. [12], who proposed a perspective on the applicability of crushing
using a jaw crusher, followed by state-of-the-art separation techniques to enhance IBA
beneficiation. Considering this unexplored possibility of further beneficiations employing
the comminution process as a supplement to the current recovery operation of IBA, this
research aims to provide an additional perspective on extended material recovery from
pr.IBA. Since the applicability of selective milling has been explored in another dedicated
report [13], this study focuses on the material separation process from selectively milled
pr.IBA in providing alternative materials for both metal recycling (ferrous and non-ferrous)
and mineral recovery for the construction sector.

2. Experimental Results
2.1. Observations on the Products of Magnetic and Eddy Current Separations

The average chemical compositions of the first products after the magnetic (MF/CF
010-Mag) and eddy current (MF/CF 010-NE and MF/CF 010-Min) separation of MF010
and CFO010 are provided in Tables 1 and 2, respectively. Based on these analysis results,
enrichments in certain elements are observable, particularly in CF010. Predictably, the
highest iron content was detected in MF/CF 010-Mag, and the highest aluminum content
coupled with copper (including Zn, Pb, and Sn) was measured in MF/CF 010-NE.
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Table 1. Average chemical composition (XRF) of separation products from MFO010.

Elements Major Comp. of MF010- | Elements Minor Comp. of MF010-
(wt.%) -Mag -NE -Min (ppm) -Mag -NE -Min
Si 22.7 343 30.1 Sr 387 218 304
Ca 12.2 6.7 10.2 Zr 336 240 263
Fe 11.6 0.7 1.5 Ni 401 62 93
Al 3.9 4.3 2.7 Sn 134 159 112
Na 2.3 3.7 2.6 Sb 173 73 87
Mg 14 0.8 1.0 Co 92 40 40
Ti 0.81 0.29 0.60 Mo 60 9 19
K 0.87 0.63 0.88 \% 60 17 27
S 0.70 0.26 0.50 Rb 30 20 34
Cu 0.26 0.65 0.20 Nb 20 7 12
Zn 0.39 0.23 0.33 As 9 22 9
Cl 0.44 0.15 0.35
P 0.40 0.13 0.29
Ba 0.28 0.14 0.20
Mn 0.18 0.04 0.07
Pb 0.07 0.11 0.09
Cr 0.11 0.02 0.03

Note: The share of MF010-Mag, -NE, and -Min is 58%, 5%, and 37%, respectively. Furthermore, the composition
averages three measurement results per batch across three batches.

Table 2. Average chemical composition (XRF) of separation products from CF010.

Elements Major Comp. of CF010- Elements Minor Comp. of CF010-
(wt.%) -Mag -NE -Min (ppm) -Mag -NE -Min
Si 20.7 20.8 30.3 Sr 401 193 362
Ca 12.7 75 10.3 Zr 324 318 479
Fe 16.9 1.2 2.3 Ni 452 178 333
Al 3.8 21.5 2.6 Sn 199 990 267
Na 2.5 2.8 3.6 Sb 140 128 84
Mg 1.5 0.9 1.1 Co 83 13 52
Ti 0.79 0.28 0.47 Mo 55 20 24
K 0.63 0.64 0.74 A% 64 38 30
S 0.53 0.68 0.34 Rb 24 33 31
Cu 0.70 7.37 0.47 Nb 25 10 16
/n 0.35 1.73 0.36 As 7 22 16
Cl 0.28 0.29 0.23
P 0.32 0.16 0.22
Ba 0.29 0.13 0.18
Mn 0.25 0.12 0.12
Pb 0.07 1.03 0.20
Cr 0.13 0.03 0.18

Note: The share of CF010-Mag, -NE, and -Min is 51%, 5%, and 44%, respectively. Furthermore, the composition
averages three measurement results per batch across three batches.

Complementary to the as-received analysis, the dominance of the silicon concentration
is detected in all separation products of MF010 and CF010. These observations are subse-
quently supported by the XRD analysis of MF/CF 010-Mag and MF/CF 010-Min (graphs
are provided in the Appendices A and B), where silicate-bearing phases are predominantly
detected, which include quartz (5iO,), wollastonite (CaSiO3), akermanite (CapMgSir O7),
diopside (CaMgSi;Og), and different olivine groups (MS5i04—M: Ca, Fe, Mn, Ni, Mg, etc.).
Furthermore, given that these silicate phases also contain calcium at specific contents, a
similar distribution of calcium can also be observed in all products except MF/CF 010-NE,
which is presumably related to the compositional constraint effect, given the notably high
concentration of non-ferrous elements (particularly Al and Cu).
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The enrichment of aluminum- and copper-based alloys in metallic form is also eluci-
dated in Figures 1b and 2b for MF010-NE and CF010-NE, respectively. The figures indicate
that well-distributed bright particles (potentially Al-based in white and Cu-based in orange
and yellow) are contained in the output non-ferrous, coupled with some other residual
substances, including silicates. Interestingly, the counts of these non-ferrous metals also
support the fact that the concentrations of both Al and Cu in the CF010-NE sample are
higher than those in the MF010-NE sample, as listed in Tables 1 and 2. By comparing the
contrast in the output non-ferrous with the output mineral, some residual non-ferrous
particles can still be detected, as documented in Figures 1c and 2c for MF010-Min and
CF010-Min, respectively. In this instance, the count of copper is relatively noticeable, par-
ticularly in the coarse fraction, which is a portion of almost 5000 ppm according to the
chemical analysis results in Table 2. Intriguingly, considering different input materials
listed in Table 3, this Cu content in the output mineral might not necessarily be constant
but floating at specific ranges, as provided by the XRF analysis results in Table 4, which is
also indicating that further separation might be necessary depending on the demanded
requirements of the expected future application.

Figure 2. Metallography (stitching) of (a) CF010-Mag, (b) CF010-NE, and (c) CF010-Min.

A similar case also applies to the magnetic fraction, especially CF010-Mag, as docu-
mented in Figure 2a. Despite indicating a relatively lower count of copper particles, its
copper content is higher than that of CF010-Min, reaching a value of around 7000 ppm. This
pattern can also be seen for the different sources of prIBA listed in the XRF analysis results
in Tables 4 and 5. In this case, a different form of copper should be expected, which might
correlate with distinct iron-based substances. This argument is based on the fact that despite
the high iron content listed in Tables 1 and 2, bright particles representing the anticipated
existence of iron metal are barely observable both in Figures 1a and 2a for MF010-Mag
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and CF010-Mag, respectively. Supported by the XRD results in the Appendix A, the mag-
netic fractions are dominated by iron oxides, especially magnetite, with additional minor
indications of hematite, fayalite, and wustite components.

Table 3. Average chemical compositions (wt.%) of selective milling products MF and CF from various
prIBAs sourced from different IBA processing plants.

Products Si Ca Fe Al Cu Zn Mn Cr
MFO010 26.0 11.4 6.9 3.7 0.27 0.38 0.14 0.09
MF1032 24.6 9.8 5.9 43 0.16 0.22 0.12 0.06
MF010var.Af 27.9 9.6 2.1 3.5 0.17 0.22 0.07 0.04
MFO010var.Bf 26.5 9.5 2.7 4.6 0.19 0.37 0.09 0.04
CFo010 24.6 11.0 11.0 4.6 0.80 0.47 0.25 0.10
CF1032 22.8 10.0 11.8 5.6 0.60 0.23 0.17 0.15
CFO010var.Af 279 9.0 24 3.7 0.27 0.22 0.08 0.05
CF010var.Bf 27.0 8.8 2.0 5.1 0.27 0.44 0.09 0.04

Note: The chemical composition is the average value from more than five selective milling trials for each prIBA
sourced from different IBA processing plants.

Table 4. Average chemical compositions (wt.%) of output mineral: classified fraction of selective
milling products MF and CF from various prIBAs sourced from different IBA processing plants.

Products Si Ca Fe Al Cu Zn Mn Cr
MF010-Min 30.1 10.2 15 2.7 0.20 0.33 0.07 0.03
MF1032-Min 29.1 9.8 1.3 3.6 0.18 0.46 0.07 0.04

MF010var.Af-Min 28.9 8.2 1.1 2.5 0.09 0.13 0.05 0.03
MF010var.Bf-Min 29.9 8.1 1.1 2.8 0.19 0.27 0.04 0.02

CF010-Min 30.3 10.3 2.3 2.6 0.47 0.36 0.12 0.18
CF1032-Min 29.5 8.8 1.6 3.5 0.36 0.47 0.10 0.22
CF010var.Af-Min 28.9 7.5 0.9 23 0.06 0.11 0.05 0.04
CF010var.Bf-Min 28.1 7.9 1.1 3.5 0.12 0.20 0.03 0.03

Note: The chemical composition averages three measurements per batch across three batches of separation for
various pr.IBAs sourced from different IBA processing plants.

Table 5. Average chemical compositions (wt.%) of magnetic fraction: classified fraction of selective
milling products MF and CF from various pr.IBAs sourced from different IBA processing plants.

Products Si Ca Fe Al Cu Zn Mn Cr
MF010-Mag 22.7 12.2 11.6 3.9 0.26 0.39 0.18 0.11
MF1032-Mag 22.4 15.4 8.9 4.8 0.23 0.66 0.25 0.22

MEF(10var.Af-Mag 26.1 10.7 3.6 4.3 0.13 0.25 0.13 0.05
MFO010var.Bf-Mag 214 11.4 7.8 5.0 0.25 0.24 0.12 0.05

CF010-Mag 20.7 12.7 16.9 3.8 0.70 0.35 0.25 0.13
CF1032-Mag 22.0 13.5 12.2 4.7 0.22 0.51 0.24 0.24
CF010var.Af-Mag 20.4 12.0 7.6 5.8 0.17 0.35 0.24 0.09
CF010var.Bf-Mag 20.6 12.3 5.7 6.8 0.23 0.33 0.26 0.07

Note: The chemical composition averages three measurements per batch across three batches of separation for
various pr.IBAs sourced from different IBA processing plants.

It is contextually correct to declare that the magnetic fraction at this point possesses the
highest iron content in the middle and coarse fractions despite fluctuations, corresponding
to the input materials in Table 3. However, such an iron content is relatively low compared
to what is offered to iron and steel producers, who typically prefer an iron content of
around 60 wt.%, around the composition of lump iron ore [14-16]. Therefore, an additional
magnetic separation process was conducted to enrich the iron concentrate, as presented in
Table 6, for both MF/CF 010 and MF/CF 1032.
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Table 6. Average chemical composition (wt.%) of outputs high- and low-magnetic in MF and CF
from magnetic fractions of 0-10 mm and 10-32 mm pr.IBAs in Table 5.

Products Si Ca Fe Al Cu Zn Mn Cr
MF010-HFe 8.1 8.9 401 2.0 0.25 0.50 0.47 0.40
MF1032-HFe 9.0 10.1 36.8 2.3 0.31 0.55 0.46 0.38
CF010-HFe 7.7 7.0 421 1.9 0.89 0.36 0.36 0.27
CF1032-HFe 9.9 9.3 37.5 2.1 0.31 0.44 0.44 0.34
MF010-LFe 235 13.0 6.1 3.6 0.22 0.32 0.12 0.06
MF1032-LFe 24.3 16.1 5.0 5.2 0.21 0.67 0.23 0.12
CF010-LFe 214 13.6 10.2 3.9 0.58 0.31 0.19 0.09
CF1032-LFe 24.3 14.4 7.0 5.2 0.21 0.52 0.21 0.13

Note: The chemical composition averages three measurements per batch across three batches of separation for
0-10 mm and 10-32 mm pr.IBAs.

Increasing the iron content mentioned earlier could be an alternative for valuably
utilizing iron-containing outputs. However, application in iron and steel production is not
the only prospective option. The analysis results in Table 6 confirmed that all the output
high-magnetic (-HFe) still possessed relatively unchanged copper contents, indicating that
copper was somehow attached to the high-magnetic fraction. Depending on the quality
of the steel that would be manufactured and the copper concentration in the output high-
magnetic that would be charged into the process, the level of copper as a common impurity
in some steel grades [17,18] would immediately become the next challenge. Consequently,
considering the mass fraction of the output high-magnetic documented in Table 7, which
is relatively insignificant (just above the output non-ferrous yet with anticipated lower
market prices), shifting the valorization perspective to copper recovery should be more
promising instead. Therefore, the forthcoming sections assess the second alternative
regarding copper concentration.

Table 7. Mass balance of fractions and outputs relative to 0-10 mm and 10-32 mm pr.IBAs.

Fractions/Outputs MF010- CFo010- MF1032- CF1032-
-Mag 26.6% 14.5% 31.7% 18.2%
-HFe 3.7% 2.6% 3.9% 3.2%
-LFe 22.9% 11.9% 27.8% 15.0%
-NMag 19.5% 13.6% 15.4% 11.9%
-NE 2.4% 1.3% 0.7% 0.7%
-Min 17.1% 12.3% 14.7% 11.2%

2.2. Observations on the Products of Density Separation

As mentioned earlier and complementary to the Materials and Methods Section, the
density separation process was conducted in a laboratory-scale apparatus. Moreover,
this process only considered three specific outputs from the prior separation sequences.
Specifically, the studied samples comprise three particular outputs that contain notable
copper concentration, CF010-LFe, CF010-NE, and CF010-Min, which follow distinguishable
contexts and aims of copper recovery:

1.  CFO010-LFe was selected to demonstrate the recovery potential of copper content from
the magnetic fraction as the second option in addition to iron recovery.

2. CFO010-NE was selected as the next possible alternative for utilizing this output in the
copper recycling industry, where aluminum is not commonly desired.

3. CF010-Min was selected to explore the possibility of further enhancing its cleanliness
from heavy metals, including lowering the copper concentration.
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Since the classification using an air-table density separator is used to physically sepa-
rate materials based on their weight differences, a relatively (nearly) uniform particle size
must be guaranteed for optimal classification. Therefore, a sieving operation was initially
performed, and only fractions between 0.5 and 2.0 mm were considered in this section
because of the technical limitations of the air-table density separator employed during
this experiment, which is why only the CF was involved. However, the selection of this
particle size range does not reduce the applicability and reliability of the density separation
approach since the selected range already accounts for a significant fraction of the total
mass, and the modification of the air-table density separator is still obviously possible.
Accordingly, five different sieve classes were utilized, and the chemical compositions of
only the heaviest and lightest fractions after density separation are listed in Table 8 as a
representation of the complete dataset provided in the Appendix C.

Table 8. Chemical composition of heaviest and lightest fractions of five different particle size
distributions covering particle size between 0.5 and 2.0 mm of CF010-LFe.

Particle Size Density Elements in Fractions (wt.%—XRF Method)

(mm) (g.cm—3) Si Ca Fe Al Cu Zn Mn Cr
0.50-0.71 3.33 130 11.5 283 33 052 053 053 039
0.71-1.00 3.62 105 89 361 25 083 060 058 045
1.00-1.18 4.09 75 60 449 19 08 042 073 038
1.18-1.40 4.22 71 58 457 15 152 037 070 024
1.40-2.00 5.07 41 33 499 15 370 064 111 073
0.50-0.71 2.27 237 149 56 68 020 048 018 0.09
0.71-1.00 2.51 244 141 63 60 019 042 020 011
1.00-1.18 2.47 245 128 59 71 023 039 018 0.10
1.18-1.40 2.62 252 135 59 60 021 041 019 0.10
1.40-2.00 2.27 249 127 52 79 018 039 019 011

Note: The chemical composition averages three measurements per batch across two batches of separation. The
approach also applies to Tables A1-A5 in Appendix C.

The results presented in Table 8 and the complete dataset in the Appendix C demon-
strate that density separation effectively concentrates copper content. Furthermore, the
data indicate that larger particle sizes correspond to higher copper concentrations in the
heaviest fraction. This trend in copper enrichment is corroborated by the metallography
analysis shown in Figure 3, which highlights the presence of typical yellow and orange
copper particles. Similarly, iron content exhibits a positive correlation with this copper
enrichment trend. In contrast, the silicon, calcium, and aluminum concentrations show an
inverse relationship, decreasing with increasing density. A similar method was also applied
to the output non-ferrous (CF010-NE), yet only heavy and light fractions were produced.
Unlike CF010-LFe, which focuses on element concentration trends, CF010-NE aims to
isolate copper-bearing particles for recycling. As a result, the product representation of
heavy fractions from CF010-NE is documented in Figure 4.

Figure 3. Metallography (stitching) of heaviest fraction from CF010-LFe after density separation at
different particle classifications: (a) 0.50-0.71 mm, (b) 1.00-1.18 mm, and (c) 1.40-2.00 mm.
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Figure 4. Heavy fractions from CF010-NE after density separation at different particle classifications:
(a) 0.50-0.71 mm, (b) 1.00-1.18 mm, and (c) 1.40-2.00 mm.

A typical representation of non-ferrous particles manifested in yellow and orange
colors under a light microscope representing copper-bearing particles is also shown in
Figure 5. Based on this EDS analysis, the composition of mixed-sample heavy fractions
from CF010-NE after density separation is substantiated by elemental mapping, which
revealed that copper-based alloys dominated the products. Specifically, a high contrast of
Cu (orange) was recorded with indications of Zn (cyan) and Sn (red), which are the two
most common alloying elements of copper-based alloys (brass and bronze). In addition,
some oxide phases are also captured, either attached to copper-bearing particles or some
residual materials from the separation.

In contrast, a greater number of possible non-metallic compounds are captured in the
light fraction of CF010-NE after the density separation process. This fraction is rationally
foreseen since it possesses a density of approximately 2.6 g/cm? (compared with the
heavy fraction of up to 6.1 g/cm?), which is comparable to the density of aluminum and
various minerals. This argument is further elucidated in Figure 6, where the results of a
metallography analysis conducted are shown. This analysis shows that only white-bright
particles are observable in the light fraction, indicating a possible metallic phase in a
predominantly non-metallic population. Furthermore, the EDS elemental mapping results
reveal that the metallic particles are aluminum-based metals (blue) surrounded by various
non-metallic substances (in the case of Figure 6, they could be sulfide, oxide, or sulfate) that
are either attached to or entirely separated from aluminum.

In addition to separating CF010-LFe and CF010-NE, a similar density separation
process was also applied to CF010-Min. Despite having a relatively low level of copper, as
indicated in Tables 2 and 4, a certain level of recovery can still be attained. It is important
to note that the density separation process for the output mineral primarily aims to remove
heavy metals (not only copper) or heavy-metal-bearing particles, which is considered
critical before further application in the construction sector. Specifically, clean and stable
materials are necessary for an expected application as a substitute for natural aggregates in
concrete because no additional process is foreseen.



Recycling 2025, 10, 16

90f23

Tmm

Figure 5. Elemental mapping (EDS) from a mixed sample of heavy fractions from CF010-NE. The
EDS mapping represents the particles in the red circle.

In this context, in contrast to CF010-LFe, only two sieve classes were considered due
to the circumstances of CF010-Min. It is correlated with the characteristic of CF010-Min as
an output mineral, which is already clean and predominated by mineral substances, where
a vast amount of material will be required to produce an adequate amount of the heavy
fraction to conduct a proper analysis. Therefore, the two largest classes were selected in
this laboratory trial, and their heavy fractions are provided in Figure 7.

Based on the metallography analysis in Figure 7, relatively fewer copper-bearing par-
ticles are captured than in the two previous results for the heaviest fractions in CF010-LFe
and CF010-NE. This disparity is still correlated with the previously mentioned circum-
stances that lead to the heaviest fraction of CF010-Min possessing a density of just up to
3 g/cm3. However, the process is relatively effective since the XRF analysis indicates that
the reduction potential of the copper content in the lightest fraction can reach a value lower
than 1000 ppm, as listed in Table 9. Therefore, the determining factor during large-scale
implementation is a balance between the cost of separation, total usable material volume,
and standard quality requirements.
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Figure 6. Elemental mapping (EDS) from a mixed sample of light fractions from CF010-NE. The EDS

mapping represents the particles in the red circle.

Figure 7. Metallography (stitching) of heaviest fraction from CF010-Min after density separation at

different particle classifications: (a) 1.18-1.40 mm and (b) 1.40-2.00 mm.

Table 9. Chemical composition of lightest fractions from two different particle size distributions

covering particle size between 1.18 and 2.0 mm of CF010-Min.

Particle Size Elements in Fractions (wt.%—XRF Method)
(mm) Si Ca Fe Al Cu Zn Mn Cr
1.18-1.40 32.9 10.2 15 4.6 0.09 0.17 0.08 0.04
1.40-2.00 34.0 9.8 1.4 3.6 0.08 0.16 0.07 0.04

Note: The chemical composition averages three measurements per batch across two batches of the density

separation process.
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3. Materials and Methods
3.1. pr.IBA as the Primary Origin of the Investigated Sample

The investigated sample in this study originated from processed IBA (designated
further as pr.IBA), which represents only a certain fraction of the original raw IBA. Specif-
ically, pr.IBA is generated as a residual material from state-of-the-art recovery processes
to raw IBA, involving a set of screening, magnetic, and eddy current separation processes
typically performed by IBA processing companies in Germany. As detailed in Figure 8, raw
IBA refers to fresh and wet bottom ash produced from MSWI, with an annual production
volume of approximately 6 million tons. This raw IBA underwent natural weathering for
two to three months before being further processed, involving a series of screening and
separation sequences in bottom ash processing facilities.

Ferrous Metals
425,002

Non-ferrous Metals
169,560

Processed IBA 0-10 mm
2,712,820

Raw IBA
6,050,905

Unprocessed IBA B! Processed IBA
5,822,539 4,688,034

Processed IBA 10-32 mm
1,506,410

Moisture

a 468,804

Incomplete-Incinerated Waste
743,247

T Oversized Metals (>32 mm)
25,062

Figure 8. The theoretical annual mass balance (tons) of IBA in Germany [4,19].

The process begins with classification, where oversized metals (>32 mm) are removed
as scrap for recycling, while incompletely incinerated waste is returned to the incineration
process. This procedure leaves an unprocessed IBA residual fraction, which serves as the
input material for subsequent separation operations, with an expected annual volume of
around 5.9 million tons in Germany. The following classification of bottom ash processing
plants involves a combination of sieving, magnetic, and eddy current separation processes.
This sequence produces three distinct fractions, ferrous metals, non-ferrous metals, and
pr.IBA, as presented in Figure 8. In this case, pr.IBA can be subdivided into two particle size
ranges, 0-10 mm and 10-32 mm, with estimated volumes of 2.7 million tons and 1.5 million
tons, respectively.

3.2. The Selective Milling Process as a Pre-Concentration Step for pr.IBA

In addition to the typically performed processing sequence provided in Figure 8,
0-10 mm and 10-32 mm samples of pr.IBA (each sample weight of around three tons
sourced from an IBA processing plant in the western part of Germany) were selectively
milled to produce three different products. Selective milling was performed using a
vertical milling machine operated by LOESCHE in their test center in Neuss, Germany.
Details about the procedure and applicability of this approach as a concentration step in
enhancing the valorization opportunity of pr.IBA are provided in a dedicated report [13].
As mentioned, three different milling products are yielded: fine fraction (FF), middle
fraction (MF), and coarse fraction (CF) with primary particle sizes of <200 um, 0.2-0.5 mm,
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and >0.5 mm, respectively. In this case, extending the mass balance in Figure 8 in addition
to the proportion of these products, the average annual prospective material volume in the
boundary of selective milling considered in a previous study is represented in Figure 9.

I Fine Fraction (FF010)
699,908

= I Middle Fraction (MF010)
pr.IBA 0-10 mm 1,250,610

2,712,820
L= D Coarse Fraction (CF010)

Processed IBA 762,302
4,688,034
Fine Fraction (FF1032)
pr.IBA 10-32 mm 343,462
1,506,410 : I Middle Fraction (MF1032)

709,519
Moisture 0 Coarse Fraction (CF1032)
468,804 453,429

Figure 9. The average theoretical annual mass (tons) of pr.IBA in Germany after milling [13].

Conclusively, as provided in Figure 9 and considering the further expected applications
(the fine fraction is intended to be used in cement clinker production), only the middle
fraction (MF010) and coarse fraction (CF010) were considered the primary investigated
samples in this study. In addition, similar separation sequences were also used to refine the
middle and coarse fractions from selective-milled 10-32 mm pr.IBA and two additional
0-10 mm pr.IBAs (var.Af and var.Bf), sourced from an IBA processing plant in the northern
part of Germany (as also explored in [13]). These supplementary trials were carried out to
compare product qualities in the case of variation in the input materials.

3.3. Magnetic, Eddy Current, and Density Separations

Compared with the average composition of as-received 0—10 mm pr.IBA (AR), the
initial chemical compositions of the primary investigated samples (MF010 and CF010)
in this study are provided in Table 10. Approximately 100 kg of each sample (three
batches) was separated using a magnetic and eddy current separation sequence, and
some products were additionally concentrated using density separation. Specifically,
the process was started using a high-intensity rapid magnetic separator belt to remove
all magnetic materials from the stream, yielding magnetic (MF/CF 010-Mag) and non-
magnetic fractions (MF/CF 010-NMag). Afterward, the magnetic fraction was refined
using a low-intensity magnetic drum to produce output high-magnetic (MF/CF 010-HFe)
and output low-magnetic (MF/CF 010-LFe). On the other hand, the non-magnetic fraction
was separated by employing an eddy current separator, yielding two additional products:
output non-ferrous (MF/CF 010-NE) and output mineral (MF/CF 010-Min).

Both magnetic and eddy current separations were conducted in a demonstration-scale
separator from STEINERT in Pulheim, Germany. In this instance, the trials for MF010 and
CF010 were conducted separately to ensure separation effectiveness during the process and
to analyze the products carefully regarding chemical composition. Furthermore, dry density
separation, which complements the magnetic and eddy current separation sequence, was
subsequently performed. This method proved to be a reliable classification process, as
reported in [20-22]. Nonetheless, this technique focused only on copper recovery from three
outputs due to its copper content and particle size: CF010-LFe, CF010-NE, and CF010-Min.
Additionally, since the density separation process was conducted in laboratory facilities in
Duisburg, Germany, only around 10 kg per batch of these products was considered (two
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trial batches of each product). The process was started by sieving the input material into
different particle classifications (ranging from 0.5 to 2.0 mm) before classifying it into several
density classes using an air-table density separator supplied by TRENNSO-TECHNIK from
Weiflenhorn, Germany.

Table 10. The initial chemical composition (XRF) of the as-received 0-10 mm pr.IBA (AR) and its
milling products as the primary investigated samples: MF010 and CF010.

Elements Major Components Elements Minor Components
(wt.%) AR MF010 CF010 (ppm) AR MEF010 CF010
Si 22.5 25.6-27.2 23.4-26.4 Sr 390 339-371 306-574
Ca 13.9 10.7-11.8 10.2-12.0 Zr 343 305-329 262464
Fe 77 6.4-7.6 8.4-14.1 Ni 292 279-314 219-517
Al 3.9 3.6-3.8 3.5-5.9 Sn 235 129-152 128-586
Na 2.4 1.9-2.7 3.0-3.4 Sb 174 139-149 117-244
Mg 1.3 1.1-1.2 1.3-1.6 Co 75 75-88 65-116
Ti 0.76 0.68-0.72 0.59-0.70 Mo 45 43-48 35-72
K 0.83 0.80-0.94 0.54-0.73 \Y 43 38-46 3345
S 1.04 0.51-0.82 0.41-0.65 Rb 35 29-35 23-31
Cu 0.56 0.26-0.29 0.38-1.27 Nb 16 14-18 14-35
Zn 0.54 0.35-0.41 0.31-0.71 As 11 2-19 3-18
Cl 0.55 0.34-0.50 0.22-0.36
p 0.33 0.32-0.38 0.22-0.31
Ba 0.26 0.24-0.25 0.22-0.33
Mn 0.15 0.13-0.14 0.13-0.85
Pb 0.14 0.08-0.09 0.08-0.61
Cr 0.08 0.08-0.09 008-0.16

Note: The AR values are an average of five different measurement results on a stockpile of 0-10 mm pr.IBA.
Moreover, the MF010 and CF010 data are the min-max values of more than five selective milling trials for
0-10 mm pr.IBA.

In terms of chemical analysis, the main products generated from magnetic and eddy
current separations were comprehensively analyzed using X-ray fluorescence (XRF) cou-
pled with X-ray diffraction (XRD) methods. Furthermore, a set of metallography analyses
employing a light microscope and scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM/EDS) was also carried out, especially for metal-rich outputs. In
the light microscope case, a stitching approach was performed to provide an overview
of the whole sample instead of looking at one coincidental observation area. Stitching
means that several metallography images are digitally combined to construct a broader
perspective on the observed sample. Finally, for the results from density separation, a
Gay-Lussac pycnometer was used to approximate the density of each fraction.

4. Material Recovery After Extended Separation of Selectively
Milled pr.IBA

Based on the results of the present study, it is once again substantiated that IBA
holds immense and promising potential as a reliable alternative secondary resource for
both the metal and mineral industries. This similar potential remains even for prIBA.
Despite undergoing sophisticated separation processes using state-of-the-art classification
techniques, an additional valuable product stream can still be promisingly generated from
prIBA once extended operations are carried out, as elucidated in this study. Considering
the specific case in Germany where a total mass of six million tons of raw IBA is produced
annually, as shown in Figure 8, a new potential mass and product stream following the
selective milling process shown in Figure 9 and extended material classifications for both
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0-10 mm and 10-32 mm pr.IBAs at the boundary of the present study are provided in
Figures 10 and 11, respectively.

FF010
699,908 Output Mineral
1,496,619
Output High Magnetic
pr.IBA 0-10 mm MF010 Magnetic Fraction 168,499
2,712,820 || 1,250,610 TTIL 80

Output Low Magnetic
945,695

CF010 Non-Magnetic Fraction
762,302 898,718 Output Non-Ferrous

102,007

Figure 10. The expected annual mass (tons) separation output of 0-10 mm pr.IBA in Germany.

FF1032
343,462 Output Mineral

733,054

Output High Magnetic

106,500
pr.IBA 10-32 mm MF1032 Magnetic Fraction

1,506,410 || 709,519 752,994

Output Low Magnetic
= 646,494

CF1032 I Non-Magnetic Fraction H

453,429 409,954 Output Non-Ferrous

~ 20,362

Figure 11. The expected annual mass (tons) separation output of 10-32 mm pr.IBA in Germany.

Based on the Sankey diagram provided in Figures 10 and 11, four primary outputs
can be generated from the extended process proposed in the present research, including
an output mineral, output high-magnetic, output low-magnetic, and output non-ferrous,
which are coded in the previous sections following the designations of -Min, -HFe, -LFe,
and -NE, respectively. In the case of the output mineral, including the fine fraction (one
direct product from selective milling), a total annual material volume of 2.2 million tons
is theoretically foreseen. Considering its characteristics, this output holds the potential
to be used in the construction sector, including clinker and concrete production (positive
implementations are provided in dedicated reports [19]).

This argument is based on the chemical composition results in Table 4, which show
that there is a significant reduction in heavy metal concentration, yet this is associated
with silicon enrichment and a notable calcium content. Taking MF-Min into account,
by enriching these two elements in its composition, this output offers a substitute for
primary charge materials for the raw mix in clinker production. Specifically, instead of
employing natural SiO, and CaCOs in clinker production, charging a portion of MF-Min
into the process could be worthwhile. Supported by the XRD analysis results, the silicon
and calcium contents available in MF-Min are expected to form silicate-based materials,
thus offering additional advantages for reducing CO, emission due to the reduction in
the amount of CaCOj used as input materials upon substitution with MF-Min as well as
the fine fraction (FF). Despite this promising potential, it is still worth mentioning that
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ME-Min is barely equivalent to a natural source in terms of impurities. Thus, dedicated
examinations are necessary because certain foreign substances can affect cement quality, as
comprehensively reported by Kolovos et al. [23,24]. Nonetheless, the effect is known to be
proportional to the charged concentration compared with the raw mix, as substantiated by
different researchers documented in [25,26], which is practicable considering the amount of
available MF-Min and FF compared with the total cement clinker production in Germany,
which reaches a volume of nearly 25 million tons annually [27].

The last fraction of the discussed output mineral is the contribution from CF-Min.
Based on the initial analysis provided in Tables 3 and 10, the chemical composition of the
coarse fraction was relatively more contaminated than that of the middle fraction. This gap
is related to the selective milling results in [13], where the coarse fraction is observed to be a
segregation point for the heavy metals in pr.IBA. However, after conducting magnetic and
eddy current separation processes, a significant reduction in metal content was recorded
in Table 2, which is much more notable than the result for the middle fraction in Table 1.
However, because of its current composition and particle size distribution, the use of
CF-Min as a substitute for natural aggregates in concrete rather than clinker production is
more promising.

Consequently, compared with its utilization in clinker production for FF and MF-Min,
the challenge in using CF-Min as an alternative aggregate material in concrete production is
that no additional processing or considerable chemical reactions can be expected. Hence, CF-
Min should be physically and chemically stable. Considering the origin of CF-Min and the
chemical analysis results in Table 4, this study also demonstrated that a refined separation
process is still practicable. One possible option is employing density separation to CF-Min,
where a certain degree of separation can be achieved. Table 9 reports that this process
generates a potentially cleaner mineral constituent coupled with the concentrated metal-
bearing fraction captured in Figure 7. However, as mentioned in the previous section, such
an additional separation sequence should match the practical balance between the material
volume, quality requirements, and resulting cost. Therefore, a dedicated examination of the
employment of CF-Min in concrete production before deciding on any additional processes
is essential. One of the substantial issues is deciding whether further metal separation is
necessary, or it is more critical to remove chloride (as suggested by Verbinnen et al. [8])
and glass particles instead. As documented in Figure 12, a glass phase is captured and can
transform into a challenge at a specific content limit regarding the alkali-silica reaction in
concrete, as reported in [28-30].

(b)

ALY IHI“:'H HHlHH |||l||l|| IHIIIIII I!Illllll [III|IIH I|II|III| III|||||! Hlllﬂlll LR LR EP LA HII|IIH ||||]HH HHIHH IIIIIHII ”"Ilm ||m|
|METRIC 1 2 3 | & B 6, 7S 10 weThc | e L s

Figure 12. A visual comparison between (a) CF010-Min and (b) a typical natural aggregate for
concrete production—the representation only shows the particle size range of 4.0-8.0 mm.

The product generated from this extended separation sequence in this study is the
magnetic fraction, which theoretically accounts for a total mass of almost 1.9 million tons in
Germany yearly. As shown in Tables 1 and 2, the highest iron content can be measured in
this magnetic fraction. However, as shown in Table 5, the measured iron content is too low



Recycling 2025, 10, 16

16 of 23

(<20 wt.% Fe) compared with the iron ore grade practically charged in the blast furnace
process for efficient iron production. Therefore, a complementary concentration step, which
includes additional magnetic separation and density separation, was considered in the
present study. As documented in Tables 6 and 8, both methods successfully increased the
iron content to approximately 40 wt.% Fe, which is more useful than 20 wt.% Fe for iron
production. This is supported by Zhong et al. [31], who conducted a set of trials using a feed
with 34 wt.% Fe. Their results indicated that competitive iron recovery could be attained,
thus opening an opportunity for conducting recycling practices using secondary materials.
However, to ultimately compete with conventional iron ore, such an iron-bearing material
might require more effort in the beneficiation process before entering the market [32],
which is currently volatile due to the transformation in the iron industry. In this instance,
adjusting the parameters for magnetic and density separations is still possible before
eventually arriving at an economical limit.

These ideas were not entirely novel in providing an alternative method for valorizing
low-grade iron ore. From the view of density separation, Chaurasia and Nikkam [33]
suggested that a multi-gravity separation method could be a reliable beneficiation process
for low-grade iron ore. However, this method highly depends on the mineralogical charac-
teristics of the input material. Wang et al. [34] reported that iron recovery from low-grade
ore is more challenging if its mineralogical characteristics are excessively complex, which
is the general case for IBA. Alternatively, developed magnetic separation methods were
suggested by various researchers in [35,36] by using relatively similar iron contents, as
listed in Tables 6 and 8. However, the central question regarding profitability remains
the determining factor, given that the generated final products are an insignificant part of
the theoretical amount of 0.3 million tons of output high-magnetic and 1.6 million tons of
output low-magnetic.

Considering a profitable approach to valorizing the magnetic fraction, shifting the
aim to recovering copper could be more useful given its higher market price than iron.
The analysis results in Tables 1 and 2 indicate that, in addition to copper, notable valuable
metal enrichment in the magnetic fraction is also recorded. The enriched elements include
Mn, Cr, Ni, Sb, Co, and Mo, which are related to the iron content in terms of alloying
elements bound together in a silicate matrix or associated with a spinel structure, as
reported by Wei et al. [37]. The latter is more probable since less metallic iron (bright
particles under a light microscope) was captured, as shown in Figures 1a and 2a. In this
instance, the present study substantiated that a copper concentrate could be generated
from the magnetic fraction using the density separation technique. As shown in Table 8
and Figure 3, in addition to the complete analysis in the Appendix C, it is elucidated that
copper can reliably be recovered. Interestingly, some heavy metals were also collected with
the copper concentrate in the heavy fraction listed in Table 8, which consequently offers an
additional clean material stream that can be utilized to supplement the output mineral for
clinker and concrete production.

Based on these results, the adjustment of separation parameters should intentionally
be aimed at meeting the quality requirements in the construction sector since the residual
fraction will possess a high copper content at least comparable to the head grades of copper
in exploited ore, as provided by Flores et al. [38]. However, it is worth noting that the
beneficiation of the copper-bearing fraction needs more exploration since its form is not
equivalent to the copper in natural ore. Compared to typically exploited copper ore, various
copper-bearing compounds can be expected in IBA, including a heterogeneous mixture
of metallic phase, oxides, and sulfide, as reported by Keber et al. [39]. Furthermore, in
the case of residual iron, in contrast to copper as an impurity in iron production, metallic
iron in copper production is considered beneficial as a reducing agent. A similar case is
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also applicable during clinker production, where a particular iron content is necessary to
establish a liquid phase of tetracalcium alumina ferrite.

This approach using density separation in recovering copper has also proven effective
in separating copper particles from the output non-ferrous (the copper-richest fraction in
this extended separation sequence), with a theoretical annual volume in Germany of more
than 0.1 million tons. As documented in Figure 5, the separated copper-containing fraction
consists mainly of copper-based alloys, which can be directly charged into the smelting
process in the copper production step. Despite being relatively minor compared with other
outputs within the boundary of this study, this copper-bearing fraction could be the most
revenue-generating product, as reported by Muchova et al. [40]. However, further analysis
is still necessary if this is also the case in the present study.

Additionally, the residual fraction containing aluminum (Figure 6) can also be fur-
ther processed using a relatively simple method that involves only grinding and sieving.
Figure 13 shows how grinding the light fraction of CF010-NE could recover the aluminum
in Figure 6. The idea is based on the fact that aluminum (and copper) in CF010-NE is ductile
enough to prevent pulverization (only flattening) during grinding, unlike the accompa-
nying impurities, which are mainly brittle substances and will rapidly become powder
upon the application of a grinding process. In addition, this mechanism is common for
pretreatment during the recycling of aluminum dross, as reported in [41,42].

Figure 13. Metallography (stitching) of (a) oversized and (b) undersized particles after grinding and
sieving of light fraction from CF010-NE in Figure 6.

5. Conclusions

Although already undergoing a sequence of separation processes carried out by IBA
processing plants, pr.IBA still possesses immense potential associated with its metal and
mineral concentrations, which this study demonstrated can be recovered once an extended
separation process is carried out. Based on the results of the present study, the following
conclusions could be drawn regarding the recovery of materials from prIBA after an
extended separation process:

1. By integrating supplementary separation after a selective milling process, a precise
method was developed for accumulating the most valuable and profit-generating
products in pr.IBA, which is a consequence of the effort to obtain a clean mineral
substance as a substitute for natural materials in the construction sector.

2. Four valuable outputs or secondary products could be obtained following the ex-
tended separation process suggested in the present study: output mineral, output
high-magnetic, output low-magnetic, and output non-ferrous.

3. The output mineral comprises the fraction that is relatively liberated from a spe-
cific content of heavy metal and thus can be beneficial for cement and concrete
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production. Considering the fact that MF-Min, in addition to the FF, is composed of
calcium-bearing silicate phases, this fraction could be beneficial in reducing both the
consumption of natural materials and carbon emission due to the decreasing necessity
of CaCOs.

4. In the case of CF-Min, an additional separation process could still be performed due
to its particle size. One alternative would be to conduct density separation to separate
the heavy fraction, which is typically associated with heavy metals. However, the
balance between material volume, resulting cost, and quality requirements should be
initially explored.

5. Despite accumulating the iron-bearing fraction, the Fe content in the magnetic fraction
is relatively lower than what is practically offered in the iron and steel industries. In
this instance, an additional magnetic or density separation process is proven to be
able to enrich the iron concentration to around 40%.

6. As an alternative to iron recovery, a copper separation process from the magnetic
fraction could be a more useful alternative driven by its higher market prices. In this
case, the copper content is successfully concentrated using the density separation
method, resulting in an additional clean fraction for the output mineral.

7. The density separation method was also proven to be applicable to the separation of
copper from residual substances from output non-ferrous, which can potentially be
charged to the copper smelting process. In addition, the aluminum fraction can also
be recovered from the resulting light fraction by using a fine-grinding technique.

8.  The extent of the separation process should remain within the scope of its intended
application. The goal should be to ensure the method achieves a sufficient separation
level without compromising the quality of the final product. This approach allows the
cost and energy required for excessive separation to be redirected toward addressing
other challenges (e.g., chloride and glass removal).
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Appendix A. XRD Results of Magnetic Fraction (MF/CF 010-Mag)
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Figure A1. XRD results of MF010-Mag: part of magnetic fraction originated from middle fraction
(MF) of selective-milled 0-10 mm pr.IBA after magnetic separation.

8.000

1 CF010-Mag - Particle Size <20mm  Hemaite
I CFO10-Mag - Particle Size >20mm | Magnetite

| Quarz Wuestite
I Wollastonite 1 Iron

I Akermanite 1 Lamite
1 Diopside ferrian 1 Fayalte
I Calcite 1 CF

1 Abite

Impulse

L
W ey
\/.um IL” J jM.ll ‘ ul.ll.luhu.llamu T

30 40 50
2Theta (Coupled TwoTheta/Theta) WL=1.54060

1.000 2.000 3.000 4.000 5.000 6.000

Al

Ll.l |J.||.J Ik

0

Figure A2. XRD results of CF010-Mag: part of magnetic fraction originated from coarse fraction (CF)
of selective-milled 0-10 mm pr.IBA after magnetic separation.

Appendix B. XRD Results of Output Mineral (MF/CF 010-Min)
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Figure A3. XRD results of MF010-Min: part of output mineral originated from middle fraction (MF)
of selective-milled 0-10 mm pr.IBA after magnetic and eddy current separations.
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Figure A4. XRDs result of CF010-Min: part of output mineral originated from coarse fraction (CF) of

selective-milled 0-10 mm pr.IBA after magnetic and eddy current separations.

Appendix C. XRF Results of Density Separation for CF010-LFe

Table A1. Chemical composition of CF010-LFe particle size 0.50-0.71 mm after density separation.

Mass Fraction ~ Density Elements in Fractions (wt.%—XRF Method)
(% to CF010-LFe) (g.cm—3)  Si Ca Fe Al Cu Zn Mn Cr
2.9% 3.33 130 115 283 33 052 053 053 0.39
0.2% 2.78 205 159 108 49 026 046 031 0.18
1.3% 2.75 212 156 101 51 023 046 029 017
2.2% 2.71 233 148 73 57 022 044 022 013
0.6% 2.27 237 149 56 68 020 048 018 0.09

Table A2. Chemical composition of CF010-LFe particle size 0.71-1.00 mm after density separation.

Mass Fraction  Density Elements in Fractions (wt.%—XRF Method)
(% to CF010-LFe) (g.cm~3) Si Ca  Fe Al Cu Zn Mn Cr
2.8% 3.62 105 89 361 25 083 060 058 045
1.3% 3.10 166 142 197 37 039 057 044 024
1.8% 2.93 190 155 143 42 035 049 034 018
5.5% 2.77 21.8 154 97 49 026 045 028 0.15
4.4% 2.51 244 141 63 60 019 042 020 0.10

Table A3. Chemical composition of CF010-LFe particle size 1.00-1.18 mm after density separation.

Mass Fraction  Density Elements in Fractions (wt.%—XRF Method)
(% to CF010-LFe) (g.cm~3) Si Ca Fe Al Cu Zn Mn Cr
0.8% 4.09 75 60 449 19 08 041 073 038
2.3% 3.31 153 128 238 35 042 047 045 022
1.8% 2.99 194 152 136 46 029 053 033 0.20
4.2% 2.75 228 149 89 49 022 042 023 0.14
2.4% 2.57 25.0 13.7 6.0 58 020 041 019 0.11
0.5% 2.47 245 128 59 71 023 039 018 0.10
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Table A4. Chemical composition of CF010-LFe particle size 1.18-1.40 mm after density separation.

Mass Fraction  Density Elements in Fractions (wt.%—XRF Method)
(% to CF010-LFe) (g.cm—3) Si Ca  Fe Al Cu Zn Mn Cr
0.5% 422 7.1 58 457 15 152 037 070 024
2.3% 3.42 145 123 261 32 029 053 045 020
1.2% 3.10 193 150 143 41 059 048 033 021
3.6% 2.86 225 148 92 53 031 042 023 015
0.9% 2.70 250 139 63 56 024 041 020 0.10
2.6% 2.62 251 135 59 60 021 040 019 0.10

Table A5. Chemical composition of CF010-LFe particle size 1.40-2.00 mm after density separation.

Mass Fraction Density Elements in Fractions (wt.%—XRF Method)
(% to CF010-LFe) (g.cm—3) Si Ca Fe Al Cu Zn Mn Cr
0.3% 5.07 4.1 3.3 49.9 1.2 370 064 111 0.73
3.9% 3.68 114 9.3 35.0 2.3 094 040 052 0.19
2.6% 3.27 169 13.7 20.2 3.7 047 045 039 0.20
7.7% 3.02 204 147 13.0 45 036 044 028 0.16
10.9% 2.74 243 139 7.1 5.8 026 039 019 0.12
2.4% 2.27 249 127 5.2 7.9 018 039 0.19 0.11
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